The fission yeast Schizosaccharomyces pombe was sensitive to salinity; cell growth was stopped by 0.5 M NaCl and by 10 mM LiCl. The avt5 þ gene encodes a vacuolar transporter with a broad specificity for amino acids. We found that the avt5Á mutant became highly tolerant of Li þ and Na þ in growth. Concanamycin A-sensitive Li þ uptake as well as cellular Li þ content was lower in the avt5 mutant, suggesting a role of Avt5p in cellular uptake of toxic Li þ .
The homeostatic mechanisms maintaining intracellular ion concentrations within ranges suitable for biochemical processes are essential to living organisms. Except for sulfur and phosphorous, K þ is the most abundant and Na þ the second most abundant cation within the cell in the budding yeast Saccharomyces cerevisiae.
1) The toxic effects of salinity are thought to be caused by Na þ accumulation in the cytoplasm. S. cerevisiae wild-type strain W303-1B (MAT leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15) grew well on YPD medium containing 0.5 M NaCl or 10 mM LiCl (data not shown). In contrast to S. cerevisiae, fission yeast Schizosaccharomyces pombe cells are more sensitive to NaCl, suggesting differences in Na þ tolerance between these yeasts. Here we report the contribution of V-ATPase to Li þ uptake (as a tracer of Na þ ) and a correlation between intracellular compartmentalization of Li þ and a vacuolar amino acid transporter Avt5p. 2) During the process of characterizing various vacuolar amino acid transporters of S. pombe, we found that the avt5Á mutant showed tolerance of NaCl and LiCl. The S. pombe strains used were the wild-type strain ARC039 (h À ura4-C190T leu1-32) and its derivative avt5Á (h À ura4-C190T leu1-32 avt5::ura4 þ ), constructed as previously described.
3) Cells were cultured in standard rich medium (YES), as described elsewhere, 4) with and without various concentrations of NaCl or LiCl. The wild-type strain did not grow on YES medium containing 0.5 M NaCl or 10 mM LiCl. However, we found that the avt5Á mutant did grow on those media (Fig. 1) . The growth of these strains was not affected by 0.8 M KCl or 0.8 M sorbitol (data not shown). We further examined the effect of Li þ on avt5Á mutant, because the effect of osmotic stress should be neglected due to low concentrations of LiCl. The intracellular Li þ contents of the wild-type and avt5Á mutant cells were determined. Cells harvested at the early-stationary phase in YES medium were inoculated into fresh YES medium containing 8 mM LiCl at an initial OD 660 of 0.4, and were incubated at 30 C. After 24 h, the OD660s of wild-type and avt5Á cells were 0.5$1.0 and 10.8$15.6 respectively. Cells were collected by filtration using a Nucleopore polycarbonate filter (0.4 mm pore size; Whatman, Madistone, Kent, UK), washed with 20 mM MgCl 2 , and then extracted with 10% TCA. Li þ was analyzed by atomic absorption spectrophotometry. The protein content of cell extract was determined by the method of Lowry using bovine serum albumin as the standard.
5) The avt5Á cells contained limited amounts of Li þ (17:13 AE 7:78 nmol/mg of protein, means AE SD for three independent experiments), less than 50% of the wild-type cells (40:84 AE 7:21 nmol/mg of protein). Differences in the LiCl sensitivities of the wild-type and the avt5Á mutant ( Fig. 1) should be reflected by those of the cellular contents of toxic Li þ .
6)
The Li þ uptake activities of the wild-type and the avt5Á mutant were examined next (Fig. 2) . Cells cultured in YES medium were washed twice with uptake buffer (20 mM MES-KOH pH5.5, 0.1 mM MgCl 2 , 2% glucose), and resuspended in the same buffer. The cell suspension was incubated at 30 C, and uptake was initiated by the addition of 20 mM LiCl at time zero; at different times, aliquots of the sample were obtained, and the cellular Li þ contents were determined as described above. As shown in Fig. 2 , the apparent initial rate of Li þ uptake of the avt5Á cells displayed a 30% reduction as compared to the wild-type cells, suggesting a possible role of Avt5p in the cellular uptake of Li þ . In our studies on the effects of the V-ATPase mutation and concanamycin A, a potent inhibitor of V-ATPase, on amino acid transport by yeast cells, it was found that vacuolar compartmentalization is involved in amino acid uptake by whole cells from the outside. 2, 7, 8) It is likely that a vacuolar transporter, Avt5p, is involved in the cellular uptake of Li þ as well as of amino acid.
2)
The effect of concanamycin A on Li þ uptake by the wild-type and avt5Á cells was examined (Fig. 3) . Cells cultured in YES medium were washed and resuspended in uptake buffer. The cell suspension was preincubated y To whom correspondence should be addressed. Note at 30 C for 10 min with concanamycin A (dissolved in DMSO) or the same volume of DMSO, and then the uptake reaction was started by the addition of 20 mM LiCl. After 60 min, aliquots of the samples were withdrawn, and the procedure performed as described above. The Li þ uptake of the wild-type cells was inhibited 30% by 1 and by 10 mM concanamycin A, while the same volume of DMSO did not affect the activity (Fig. 3) , suggesting that the Li þ uptake by whole cells was partly dependent on V-ATPasedependent vacuolar transport. The Li þ uptake of the avt5Á cells was not inhibited by 1 or 10 mM concanamycin A. These results suggest that Avt5p was involved in the V-ATPase-dependent vacuolar uptake of Li þ . 2-Deoxyglucose uptake by the wild-type as control was little affected by 10 mM concanamycin A (data not shown).
2,7)
Initially, we speculated that loss of Avt5p results in an increase in the H þ gradient across the vacuolar membrane because the driving force of vacuolar amino acid transporters is the H þ gradient generated by VATPase. Thereby intracellular Na þ /H þ antiporter is activated to sequester Na þ (Li þ ) ions into intracellular compartment. That we obtained Li þ tolerance with reduced Li þ compartmentalization seemed paradoxical. That is, concanamycin A-sensitive Li þ uptake was lost in avt5Á cells (Fig. 3) . In addition, the vacuolar pH was estimated indirectly by the vacuolar accumulation of quinacrine, a weakly basic dye that accumulates in acidic compartments in response to the proton gradient. The amount of quinacrine accumulated in the vacuoles was not significantly affected by the avt5Á mutation (data not shown), indicating that vacuolar acidification was not increased in avt5Á cells. These results indicate that a different mechanism accounts for the salt tolerance of avt5Á mutant.
Recent studies of the heterologous expression of the plant cation/H þ antiporter in S. cerevisiae have revealed that a luminal K þ environment or a high K þ /Li þ (Na þ ) ratio is crucial to salt tolerance, rather than Li þ (Na þ ) compartmentalization, and that the K þ homeostasis of intracellular compartments is a toxicity target in salt stress. 9, 10) This helps to explain how the avt5Á mutant acquires Li þ (Na þ ) tolerance. A loss of Avt5p results in defects in the compartmentalization of toxic Li þ , thereby maintaining a higher luminal ratio of K þ to Li þ . avt5Á cells are protected from the toxicity of Li þ by this maintenance of the luminal K þ environment. The data presented here suggest that luminal K þ homeostasis as a crucial factor in salt tolerance in S. pombe.
In order to avoid the toxic effects of cytosolic Na þ , Na þ export in S. cerevisiae is accomplished by a family of cation transporting P-type ATPases encoded by a tandem array of genes, ENA1-4.
11,12) The minimum inhibitory concentrations of NaCl and LiCl of wild-type S. cerevisiae in synthetic medium are 1 M and 0.25 M respectively, and loss of Ena1-4p results in salt sensitivity with minimum inhibitory concentrations 0.5 M NaCl and 15 mM LiCl. 13) In contrast, S. pombe has no P-type Na þ -ATPase. 14) Wild-type S. pombe cells C for 5 min, LiCl was added to achieve a final concentration of 20 mM, and incubation was resumed. Samples were taken at the indicated times, and the intracellular content of Li þ was determined as described in the text. Results are expressed as nmol of Li þ /mg of protein and represent means AE SD for three independent experiments. Fig. 3 . Effects of Concanamycin A on Li þ Uptake. Wild-type ARC039 and the avt5Á mutant cells were grown in YES medium to late-exponential phase, and were processed as described in the legend to Fig. 2 . The cell suspension was preincubated at 30 C for 10 min with 10 mM (shaded bar), 1 mM concanamycin A (solid bar), the same amount of DMSO (hatched bar), or no additives (open bar). Samples were taken after 60 min of incubation with 20 mM LiCl, and the internal Li þ content was determined. Data are means AE SD for three independent experiments.
cannot grow in the standard rich medium containing 0.3 M NaCl, 6) indicating that S. pombe is more sensitive than the S. cerevisiae mutant lacking Ena1-4p. The salt sensitivity of S. pombe may be partly due to Na þ (Li þ ) compartmentalization by Avt5p in addition to the absence of Na þ -ATPase. Two proteins, ScAvt5p and ScAvt6p, of S. cerevisiae are homologous to Avt5p. Although it has been reported that ScAvt6p participates in the extrusion of acidic amino acids from the vacuoles, the function of ScAvt5p is unknown. 15) It remains unclear whether Avt5p is directly or indirectly involved in vacuolar import of Li þ (Na þ ). We speculate that it directly participates in vacuolar Li þ uptake, since it is expected to be a vacuolar antiporter that recognizes Li þ (Na þ ) as well as various amino acids as substrates. The co-transport mechanism of H þ / Li þ (Na þ )/amino acid is less plausible but cannot be excluded. Na þ (Li þ ) has not been identified as a key molecule of vacuolar amino acid transport in budding yeast, 16) but the amino acid/auxin permease family includes mammalian Na þ -dependent amino acid transporters, such as human SN1 and ATA2, and Avt5p can be classified into this family. 2, 15) Characterization of the mechanism of the Avt5p antiporter at the molecular level is indispensable to understand its physiological significance in S. pombe.
